Abstract. Distance-of-flight mass spectrometry (DOFMS) is demonstrated for the first time with a commercially available ion detector-the IonCCD camera. Because DOFMS is a velocity-based MS technique that provides spatially dispersive, simultaneous mass spectrometry, a position-sensitive ion detector is needed for massspectral collection. The IonCCD camera is a 5.1-cm long, 1-D array that is capable of simultaneous, multichannel ion detection along a focal plane, which makes it an attractive option for DOFMS. In the current study, the IonCCD camera is evaluated for DOFMS with an inductively coupled plasma (ICP) ionization source over a relatively short field-free mass-separation distance of 25.3-30.4 cm. The combination of ICP-DOFMS and the IonCCD detector results in a mass-spectral resolving power (FWHM) of approximately 900 and isotope-ratio precision equivalent to or slightly better than current ICP-TOFMS systems. The measured isotope-ratio precision in % relative standard deviation (%RSD) was ≥0.008%RSD for nonconsecutive isotopes at 10-ppm concentration (near the ion-signal saturation point) and ≥0.02%RSD for all isotopes at 1-ppm. Results of DOFMS with the IonCCD camera are also compared with those of two previously characterized detection setups.
Introduction

S
ince the development of distance-of-flight mass spectrometry (DOFMS) theory by Enke and Dobson [1] , several papers have shown its experimental viability [2] [3] [4] [5] [6] [7] [8] [9] . Conceptually, mass-to-charge (m/z) separation in DOFMS is similar to that in time-of-flight mass spectrometry (TOFMS), while the ion detection process resembles that of spatially dispersive, sectorfield mass spectrometry (SFMS). In both DOFMS and TOFMS, ion batches are accelerated to m/z-dependent velocities and are separated, based on m/z-value, within a field-free region. Specifically, in TOFMS, the time an ion takes to traverse a known distance is measured, but with DOFMS we measure distance traveled in a known time. The detection time used in DOFMS is a direct result of the constant-momentum acceleration (CMA) process; in combination with a linear-field reflectron, ions achieve an energy focus at a specific instant, known as the energy-focus time (t ef ), at m/z-dependent locations. At t ef , the ions are detected simultaneously along a focal plane by means of a spatially selective detector, such as those employed by spatially dispersive SFMS instruments (i.e. Mattauch-Herzog mass spectrographs and multi-collector systems).
Distance-of-flight MS has unique ion detector requirements since the technique combines the unlimited mass range, speed, and simple design of velocity-based mass separations with the high precision detection capability and broad dynamic range availability of spatially dispersive mass spectrometry. Ideally, a DOFMS detector would have an active length adequate for the application at hand, a large number of narrow, discrete detection channels (each with a wide dynamic range), high abundance sensitivity, no mass bias, single-ion detection capability, fast read-out speed, and extremely stable gain levels for each detection element. Since no real ion detection system meets all of these ideal characteristics, some practical tradeoffs need to be made to select the best DOFMS detector for a given application (i.e., available mass range, speed, resolution, etc.).
Earlier work on DOFMS was conducted with two alternative ion detectors employed in the same instrument [9] : a microchannel plate-phosphor screen (MCP/phosphor) combination [2, [5] [6] [7] and a multichannel focal plane camera (FPC) [3, 4] . The MCP/phosphor assembly has a 4.0-cm active length [2] and, in combination with a CCD camera, provides a linear dynamic range (LDR) of five orders of magnitude [5] and a full-width at half-maximum mass resolving power (RP FWHM ) of approximately 500 [6] . However, the MCP/phosphor screen detector must be coupled to a scientific camera for massspectral acquisition [2] , suffers an inherent mass bias due to the MCPs, and does not detect the true mass-spectral peak width because of secondary electron amplification and resulting Coulombic repulsion [5] . The FPC detector is a 1-D array of direct-charge integrating Faraday strips that is similar in design to the detector employed in the Spectro ICP-MS system [10] . The FPC can detect the true DOFMS massspectral peak width [3] , has no mass bias [3] , and can provide high isotope-ratio precision [11] . Several generations of the FPC have been developed [11] [12] [13] [14] [15] [16] , but the FPC detection system employed for DOFMS offers only 0.64 cm of active length (512, 8.5-μm wide detection pixels at a 12.5-μm pitch) [3, 7, 13] . This FPC provides a RP FWHM of approximately 1000 for DOFMS [3] . Although the FPC provides superior mass resolution and a broader LDR (at least nine orders of magnitude when coupled to a Mattauch-Herzog mass spectrograph [12] ), the MCP/phosphor screen enables a larger portion of the mass spectrum to be evaluated at once. Also, the cost of the MCP/phosphor screen assembly is considerably lower than that of the FPC detection system.
The current study explores the use of a commercially available IonCCD camera for DOFMS detection. Occupying a middle ground between the two previously evaluated detectors, the IonCCD camera is a direct-charge integrating, linear-array detector that provides position-sensitive detection of either positive or negative ions (or electrons) in a manner similar to the FPC [17] . The IonCCD camera technology is based on that of lightsensitive charge-coupled devices, but the photo-sensitive semiconductive layer has been replaced by a metal-oxide semiconductor layer for direct charge detection [18] . Previous work with the IonCCD camera has focused on its applicability to Mattauch-Herzog mass spectrograph instruments [17, [19] [20] [21] , ion mobility mass spectrometry [22, 23] , and the measurement of ion-beam spatial distributions [24] -all of which necessitate the detection of a spatially disperse ion cloud. The IonCCD detector array is nominally 27.5% longer than the previously employed MCP/phosphor screen detector, with a total length of 5.1 cm, but the reduced active area around the edges of the MCP/phosphor detector makes the IonCCD effectively > 27.5% longer. Each of the 2126 pixels that make up the 5.1-cm array is 21 μm wide with a 3 μm insulating gap between adjacent pixels (24 μm pitch). Therefore, the IonCCD camera should have an even larger mass range than the MCP/phosphor screen while maintaining the direct ion detection advantages of the FPC detection system.
In order to evaluate the performance of the IonCCD camera with DOFMS, an inductively coupled plasma (ICP) ionization source was utilized. As a robust ion source for atomic mass spectrometry, the ICP provides both the high sensitivity and wide dynamic range necessary to assess the limits of a DOFMS detection setup. Since ICP-DOFMS has been previously tested with the MCP/phosphor screen detector [5] , a direct comparison of the available mass range, resolving power, linear dynamic range, and isotope-ratio precision will be provided for the IonCCD camera.
Experimental
The general design of the DOFMS, including the vacuum system, ion optics, orthogonal-acceleration zone, field-free mass separation region, and reflectron has been previously described in detail [2] [3] [4] [5] [6] [7] . Here, the general instrument arrangement will be described briefly and the modifications necessary for operation with the IonCCD camera will be described in depth. The instrument diagram, shown in Figure 1 , depicts the changes made to the DOF detection region for IonCCD operation.
Inductively Coupled Plasma Ionization Source
The ICP source and three-stage differentially pumped interface to the DOFMS instrument are described in detail elsewhere [2, 5] . The general operating conditions for the 40.68 MHz ICP source (crystal-controlled, model HF 2000 F; PlasmaTherm Inc., Kresson, NJ, USA) are provided in the Supplementary Information (Table S-1). The first and second vacuum stages of the ICP-DOFMS interface were water-cooled to 10°C with a recirculating chiller (Neslab model CFT-75; Thermo Scientific, Ashville, NC, USA). Operating pressures in the DOFMS instrument were 0.7 Torr, 0.5 mTorr, and 0.7 μTorr in the first, second, and third vacuum stages, respectively. Operating pressures were measured outside of the expansion region and were not adjacent to the vacuum pump inlets.
Mass Analyzer
Once ions enter the mass analysis (third) vacuum stage, they pass through DC quadrupole doublet ion optics, followed by a slit optic, into the orthogonal-acceleration region [2] . Ions are then accelerated into the field-free mass-separation region by means of a CMA pulse applied across the 10-cm orthogonal acceleration region [7] . The characteristics of a CMA pulse have been detailed elsewhere [1] [2] [3] [4] [5] [6] [7] [8] [9] 25] ; of primary importance is that the pulse needs to be shorter in duration than the time ions of interest spend in the orthogonal acceleration region (hereafter referred to as the CMA region). Typically, the CMA pulse is +1 kV and 2-7 μs in duration (depending on the mass range of interest).
After acceleration, ions mass-separate based on the velocity imparted in the first field-free region (11.6 cm in length [7] ), are turned around in a linear field reflectron (13 cm in length [7] ), and continue to mass-separate in a second field-free region (13.7-18.8 cm in length for IonCCD camera detection). Ions then enter a second orthogonal-acceleration region, the DOF detection region, where a perpendicular, constant-energy acceleration (CEA) pulse directs them upward onto the IonCCD camera (model LAD 2020; OI Analytical, Pelham, AL, USA). This DOF detection pulse is typically 4 μs in duration at +3 kV. The DOF detection region has been modified for IonCCD camera detection and is 8.0 cm in length along the mass-separation axis and 1.27 cm wide along the orthogonal acceleration (DOF detection) axis. The IonCCD pixels are located 25.3-30.4 cm along the mass-separation axis after the exit from the CMA region (ions travel a total of 35.3-40.4 cm when the acceleration region is included). The pixels of the IonCCD are located 1.27 cm above the DOF detection region (at the CEA space-focus plane). The IonCCD camera has been operated without a cooling block or a bias voltage and exclusively in positive-ion mode for this study.
Data Acquisition and Processing
All DOFMS mass spectra were captured by means of IonCCD Studio software (ver. 1.267 (2013); OI Analytical, Pelham, AL, USA). All mass spectra used in this study were collected with the on-line background subtraction feature of the IonCCD Studio software enabled. This baseline-subtraction algorithm subtracts the average signal from a specified number of captures (here, 25) from the observed ion signal in order to remove continuum background. Before collection of signal spectra, a region of the mass spectrum with no ion signal is used to set the background level for baseline subtraction. This approach is valid because the background signal level is consistent across the DOF mass spectrum unless a known interference mass is present. Signal mass spectra were collected with on-chip integration times of 50-1000 ms with a default of 500 ms unless otherwise noted. Spectra reported in the text represent 100 mass-spectral averages unless otherwise noted. The IonCCD camera signalprocessing subsystem has a simple, one-tap infinite impulse response (IIR) filter on the output of each detection element that is used to process the raw data and improve signal stability [26] . The IonCCD camera's IIR filter-factor coefficient is operated in percent and was typically set between 65% and 75% for data collection, except for detection limit and isotope ratio precision studies where the IIR filter factor was set at 95%-98%. The settings used here for the IIR filter are those suggested by the camera manufacturer (OI Analytical).
Mass spectra recorded by the IonCCD Studio software were processed, analyzed, and displayed by Microsoft Excel 2010 and OriginPro (2015 version; OriginLab Corp, Northampton, MA, USA). For mass resolution and mass calibration studies, all fitting and signal processing were conducted in OriginPro. For detection limit and isotope ratio precision studies, peak areas were summed in Excel with peak widths (FWHM) determined based on peak height without fitting the peaks to a Gaussian.
Sample Preparation and Introduction
Sample and standard solutions were prepared from commercially available analytical reagent grade 1000 ppm stock solutions or analytical reagent grade nitrate salts (from several different manufacturers). Standards and salts were diluted (or dissolved) in 0.1 M HNO 3 prepared with 18 MΩ deionized water and HNO 3 from an in-hous e, sub-boiling polytetrafluoroethylene distillation unit. An ultrasonic nebulizer with a membrane desolvator unit (Cetac U-6000 AT+; Cetac Technologies, Omaha, NE, USA) was used to introduce all samples into the ICP. The general operating parameters of the sample-introduction system are provided in Table S-1 of the Supplementary Information. A sample solution flow rate of 1 mL/min was maintained by a peristaltic pump (Minipuls 2; Gilson Inc., Middleton, WI, USA) for all analyses.
Results and Discussion
Accessible Mass Range
The usefulness and applicability of DOFMS is, for many applications, dependent upon the mass range that can be simultaneously investigated. Ideally, a detector would be available Figure 1 . Diagram of the mass-separation vacuum stage of the DOFMS instrument. The input ion optics (green) consist of a DC quadrupole doublet separated by ring optics. The CMA region is 10 cm in length and the linear-field reflectron is 13 cm in length. Ions mass-separate in the field-free region that is a total of 25 cm long before the DOFMS detection region. The IonCCD camera is placed directly above the DOFMS detection region outside the field-free region box that is long enough to interrogate simultaneously the entire range of masses present in a sample, since DOFMS (like TOFMS) has a theoretically infinite mass range per analysis. However, cost and the availability of long detection systems make viewing large sections of the mass spectrum at once impractical for DOFMS. The MCP/phosphor detection system [2, [4] [5] [6] and the FPC detector [3, 7] that were previously coupled with DOFMS have active detection lengths of 4.0 and 0.64 cm, respectively. With these detectors, the available mass range of DOFMS was extended by moving selected mass regions across the detector [3] and by placing two detectors in series along the mass-separation axis [7] . In the current work, a longer (5.1 cm), commercially available detection system-the IonCCD camera-is evaluated with DOFMS.
The ratio of the highest to lowest m/z values that fit onto a DOFMS detector is fixed for a given instrument setup and is dependent on instrument geometry and detector length [7] . This high-to-low m/z ratio can be calculated for any DOFMS instrument or detector with Equation 1 [7] .
The high-to-low m/z ratio for the current geometry is 1. This mass range was demonstrated with a multi-element standard solution containing 18 elements at 1-ppm concentration, from nickel (m/z 58-64) to bismuth (m/z 209). Figure 2 shows the result of this analysis with 11 individual DOFMS spectra stitched together. Table 1 gives the actual and predicted mass ranges for each of the 11 spectra, as well as the average RP FWHM for the peaks in each spectrum. The actual mass range for all 11 spectra differs less than 2.5% from the range predicted by Equation 1. The differences reported between the actual and predicted mass ranges are likely due to the fact that it is difficult to know exactly how far ions travel in the CMA region.
Typically, the mass region investigated with ICP-mass spectrometry ranges from lithium (m/z = 6-7) to uranium (m/z = 234-238). The 11 mass spectra shown in Figure 2 span 172 m/zunits (from 57.0 to 229 with some gaps and overlaps), which represent approximately 74% of the 6-238 m/z region. In order to cover the entire 6-238 m/z-region with a single detector (highto-low m/z ratio = 39.7) and the current instrument geometry, a detector 14-m long would be needed. Possibly a more useful analogy for this type of atomic analysis would be to analyze the region from lithium (m/z = 6-7) to potassium (m/z = 39) and then a separate mass window from potassium (m/z = 41) to uranium (m/z = 234-238) in order to exclude argon from the detection process. These two detection windows, from m/z 6-39 and m/z 41-238, have high-to-low m/z ratios of 6.5 and 5.8, respectively, and would require that a detector be at least 1.9 m in length for the 6.5 high-to-low m/z ratio (again, if the current instrument geometry were used). Obviously, a detector length of 1.9 m is currently impractical. We believe that the 0.051-m IonCCD camera detection system combined with scanning m/z ranges across the camera is a viable practical alternative to the use of longer detectors. For a wider m/z span, the m/z range on the IonCCD camera can also be multiplexed in order to bring multiple m/z windows onto the detector with a single detection pulse. Of course this procedure would require rapid switching of CMA conditions and necessarily complicates the detection of mass spectra. Additionally, multiple IonCCD cameras could be used to provide any reasonable number of 0.051-m segments.
The ratio of the highest-to-lowest m/z on a DOFMS detector is dictated by detector length and instrument geometry and is here 1.144. This means that although the largest m/z range for atomic mass spectrometry on the current instrument and detector is 30.0 m/z at 238 U + , the m/z range for a molecular mass spectrum at m/z = 1000 would be 126 m/z, broad enough to cover a full charge envelope for most small proteins. However, the available RP FWHM of 900 on the current instrument is not adequate at m/z = 1000. The highest m/z for which 900 RP FWHM provides 50% mass separation is 450. At 450 m/z, the IonCCD camera has a mass range of 56.6 m/z and two IonCCD cameras placed end-to-end would provide a mass range of 101 m/z. The DOFMS RP FWHM is also dictated by instrument geometry and as longer flight lengths are implemented, RP FWHM will rise. Given an increase in RP FWHM with flight length and the m/z-independent detection capabilities of 
Mass Resolution
For DOFMS, the resolving power is calculated as DOF/ΔDOF [1] , where DOF is the peak centroid in distance along the mass separation axis and ΔDOF is the spatial peak width (here, at FWHM). Typically, however, DOFMS mass resolution is calculated as mass/Δmass after m/z calibration. Since significant peak broadening was seen with the use of the MCP/phosphor screen detector (due to electron-electron repulsion) the mass resolution of the DOFMS with the IonCCD camera has been investigated. The maximum RP FWHM for three atomic mass regions studied with the IonCCD camera ranged from 840 to 940. Specifically, the maximum RP FWHM was determined to be 840 (0.18 m/z, 460 μm peak width) for Figure 3 shows the corresponding mass spectra for samarium and lead. The RP FWHM values reported in Table 1 are slightly lower than the maximum RP FWHM values described here. This difference in RP FWHM is due to the fact that ion signal was optimized for maximum sensitivity (without regard for RP FWHM ) in Figure 2 to ensure that low abundance isotopes could be accurately recorded.
The values for mass resolution here are comparable to previous results. The FPC detector offered the best resolution (RP FWHM of 900-1100) [3] . The increase in mass resolution between Figures 2 and 3 was achieved with changes to the applied potentials in the ion optics and by slight adjustments of the reflectron potential. Also, the integrated ion signal for 153 Eu + in Figure 2 was 22% higher than in Figure 3 , and for 208 Pb + the integrated ion signal in Figure 2 was 33% higher than in Figure 3 . This tradeoff between sensitivity and mass resolution is typical of DOFMS and many other mass spectrometric techniques.
The results in Figure 3 are on the lower end of the resolution range achieved previously with the FPC detector, but were obtained with a different ionization source. Specifically, the FPC was tested with a reduced-pressure, direct-current glow discharge (dcGD) and the IonCCD camera with an ICP. The ICP is a considerably hotter source than the dcGD, with a gas kinetic temperature of approximately 6000-7000 K, compared with the 300-700 K for the dcGD. Ion beam coherence through the ion optics and mass-separation process can be greatly affected by ion temperatures [27] . Therefore, mass resolution in ICP-DOFMS here might be slightly degraded compared with that in dcGD-DOFMS. It follows that mass resolution in DOFMS might be improved by the use of a thermalized ion beam for mass analysis (i.e., by the use of a collisional cooling quadrupole or a molecular ion source such as electrospray). The improvement in mass resolution for cooler ionization sources holds for many mass spectrometers; however, it is especially true for DOFMS. The t ef ion focus in DOFMS is first-order, and large ion-energy distributions (such as those produced by an ICP) lead to the second-order energy defocus term becoming important at shorter flight times than for less energetic ion beams (such as those from collisional cooling cells or molecular ion sources). Future studies will investigate DOFMS with collisional cooling cells and molecular ionization sources.
Dynamic Range and Detection Limits
The linear dynamic range of the IonCCD camera is specified by the manufacturer (OI Analytical) to be at least three orders of magnitude [17] . Previous work on the ICP-DOFMS instrument with the MCP/phosphor detector has yielded a linear dynamic range of five orders of magnitude, with a roll-off above 1 ppm [5] . Therefore, the dynamic range of the DOFMS instrument is expected to be limited by the IonCCD camera, for a fixed on-chip integration time. Figure 4 shows the determined linear range of 175 
Lu
+ for ICP-DOFMS with the IonCCD camera to be at least three orders of magnitude for a 1-s integration time, with a roll-off at 50 ppm. Of course, as with any integrating detector, dynamic range can be extended by using multiple integration times.
The detection limit calculated for the log-log dynamic range plot in Figure 4 is 50 ppb, based on the 3σ definition of the offmass background. However, if the 50 ppb point in the calibration curve is used to calculate a detection limit, the result is 6.5 ppb. This disparity is attributable to the integration-window Table 1 . For the 1-ppm multi-element solution spectra shown in Figure 1 , the corresponding mass range (both actual and predicted) and highest RP FWHM for each individual spectrum is given. The percent difference between the actual mass range on the detector and the predicted mass range is less than 2.5% for all spectra width. At concentrations above 1 ppm, the 175 Lu + peak broadens as a result of the tails of the pseudo-Gaussian particle distribution rising above the noise floor, necessitating a wider integration window. As a result, background noise included in the detection limit calculation is larger for the calculation based on the full dynamic range plot than for the single-point calculation. Single-point detection limits have been determined also for cesium, europium, and lead with integration times of less than 1 s to be 2.4, 5.1, and 1.9 ppb, respectively.
The detection limits for ICP-DOFMS presented here for the IonCCD camera (2-6 ppb) are three orders of magnitude worse than those determined with the MCP/phosphor detector (4-8 ppt) [5] . This large difference is likely a result of the 3000-charge noise floor of the IonCCD camera [17] , although cooling the detector for future experiments will lower this noise floor. One possibility to increase the sensitivity (and improve the detection limits for ICP-DOFMS) of the IonCCD camera is to add a preamplification stage to the detector. In a previous study, the IonCCD camera was shown to function as an effective anode for direct-MCP readout [28] . By the addition of an MCP as a pre-amplification stage, the IonCCD camera would gain three to four orders of magnitude in sensitivity. Although adjustment of MCP gain and on-chip integration time would extend the linear dynamic range of the MCP/IonCCD detection setup, the dynamic range available for any single analysis would still be limited by the dynamic range of the IonCCD camera ( ≥10 3 ). Also, the MCP pre-amplification stage would likely degrade mass resolution, as secondary electrons would certainly spread before impacting the IonCCD pixels, which would result in lower abundance sensitivity, and m/z bias would be reintroduced.
Another factor that possibly compromises detection limits with the IonCCD camera is the relative sizes of the detected ion beam and the IonCCD pixels. This problem is exacerbated by the ICP ion source. In the DOFMS instrument, ions enter the acceleration region in a non-thermalized fashion. As a result, ions exit the acceleration region orthogonally over a broad range of angles. In turn, the angle with which an ion enters the field-free region determines whether it can be detected when the DOF detection pulse is activated [5] . Because the Both mass spectra are normalized to the strongest peak in each spectrum. The slightly triangular shape of the peaks shown above is likely a combination of the IIR filter removing peak edges and the second-order energy defocus associated with t ef IonCCD camera pixels are only 0.15-cm tall, a large portion of the ion beam certainly goes undetected.
Isotope Ratio Precision
Ion detection is simultaneous in DOFMS, so isotope-ratio precision can be improved by eliminating common-mode (correlated) noise between channels. In other words, any multiplicative noise that is correlated between the detection channels will be removed by taking the ratio of the ion signals. This feature is particularly important with an ICP ion source, since the flicker-noise component can be up to 5% relative standard deviation (RSD) [29] . This behavior is demonstrated by the fact that multicollector instruments deliver isotope-ratio precision on the order of tens of ppm [30, 31] , whereas the precision of each isotope signal by itself is roughly 5% RSD. In the MCP/phosphor screen generation of the DOFMS system, isotope-ratio precision was evaluated for the same ICP source used here and found to be 0.10%-0.30% RSD with integration times of three seconds [5] ; this value is on par with quadrupole ICP-MS [32, 33] .
The IonCCD camera has 2126 individually integrating pixels that serve as parallel, discrete detection channels for DOFMS. Therefore, the IonCCD camera is easily able to eliminate multiplicative noise while at the same time integrating ion signal in an analog-to-digital conversion process. Since the integration is not counting-based (as is often, but not always, the case with TOFMS instruments), it is possible to improve isotope-ratio precision by using a higher analyte concentration. The precision of the ratio of europium 153 to 151 was investigated with the IonCCD at three different concentrations: 100 ppb, 1 ppm, and 10 ppm. The resultant % RSD values for the isotope ratio were 0.17%, 0.040%, and 0.0076% for the 100 ppb, 1 ppm, and 10 ppm solutions, respectively, at 800 ms of integration time. The 0.0076% RSD for the 10-ppm europium solution is comparable to previous results for isotope-ratio precision studies on a Mattauch-Herzog mass spectrograph with the FPC detector (to 0.006%) [11] . The concentration of 10 ppm was chosen as it is close to the ion signal saturation point and the results show an improved isotope-ratio precision at 10 ppm. However, there is a significant drawback in the use of near-saturation solutions, as the europium peaks seen in the 10 ppm mass spectrum were over 0.80 m/z (2 mm) wide (FWHM) each. Therefore, peaks from adjacent m/z values at 10 ppm are not unit-resolved and this would limit the analytical usefulness of an isotope ratio. 
Eu
+ peaks in the 10 ppm spectrum is likely the result of onchip peak broadening and charge-charge repulsion in the ion beam. Widths of the 100 ppb and 1 ppm peaks were 0.37 m/z (0.97 mm) and 0.35 m/z (0.80 mm) wide (FWHM), respectively, which means that these peaks are unit-resolved. Peaks for isotoperatio precision measurements were generally wider than for resolving power measurements because it was desirable to maximize total ion signal in the isotope-ratio studies. Figure 5a shows the effect of integration time on isotoperatio precision for ICP-DOFMS with the IonCCD camera on a 1-ppm solution of europium. All points represent the % RSD of the integrated ion-signal ratio, from 10 separate, sequential mass-spectral acquisitions. Due to the pixel reset after each mass-spectral acquisition, no attempt was made to sum spectra offline; rather, all spectra were integrated on-chip for specified times between 50 and 1000 ms and the camera output was background-subtracted before each set of mass-spectral acquisitions.
The best isotope-ratio precision for 1-ppm
Eu was 0.019% RSD, obtained with 900-ms integration. The 0.019% RSD value was obtained as the lowest value from a set of 10 measurements where the average was 0.033% ± 0.013% RSD. For a 10 ppm solution, the precision reached 0.0076% for a 800-ms integration time. The maximum integration time used in this study was 1 s, as that is the longest integration time available in the IonCCD software. After the 1-s integration time, the IonCCD camera pixels reset and, therefore, significant noise is introduced if multiple integration windows are summed off-line. Spectrum-to-spectrum variation in ion signal shown in Figure 5b is typical for analysis with ICP-DOFMS; the correlated fluctuation between the integrated ion signals is readily apparent. Results from the europium study are presented along with results from two similar analyses of lead and silver in Table 2 .
All isotope-ratio precision measurements reported in Table 2 for 1-ppm concentration solutions detected with the IonCCD camera on the ICP-DOFMS instrument were between 0.01% and 0.08% RSD. These values are an order of magnitude better than those reported with the MCP/phosphor screen detector for ICP-DOFMS [5] and are comparable to or slightly better than results typically reported with TOFMS instruments. The improvement in isotope-ratio precision compared with the MCP/ phosphor screen detection system is attributed to the directcharge integration and on-line readout of the IonCCD camera system. Isotope-ratio precision for ICP-TOFMS is typically ≥0.05% RSD [33] [34] [35] [36] and requires seconds to minutes of acquisition time, depending on wheteher analog detection or ion counting is used. For the three elements studied at 1-ppm concentration, isotope-ratio precision is comparable to that for TOFMS but were obtained with no more than 1 s integration time.
Conclusions
The IonCCD camera shows promise as an ICP-DOFMS detection system in terms of available mass range, mass resolution, and isotope-ratio precision. Further improvements in ion-array sensor characteristics are technically possible and could be implemented with DOFMS as the need develops. Table 3 compares the three detectors that have been coupled to DOFMS; specifically, the FPC array, the MCP/phosphor screen detection system, and the IonCCD camera.
The combination of the sensitivity of the FPC with the size of the IonCCD camera detection system would provide excellent DOFMS performance. Ion-beam quantitation with the FPC would be direct and the available dynamic range would likely be at least nine orders of magnitude [11] . Surely, the commercial implementation of DOFMS awaits the production of such a detector as the advantages compared to commercial TOFMS instruments would be compelling. Instrument Services and the Electronic Instrument Services facilities at Indiana University for construction and subsequent modification of the DOFMS instrument. This work was funded in part by the US Department of Energy through grant DE-FG02-98ER14890 and the National Science Foundation through grant BIO-1062846. This work was performed in collaboration with Pacific Northwest National Laboratory, operated for the US Department of Energy by Battelle Memorial Institute under contract DE-AC06-76RLO-1830op. [37] to include DOFMS detection with the IonCCD camera b Results determined with a Mattauch-Herzog geometry mass spectrograph [11] 
